Optical second harmonic generation (SHG) studies of semiconductor nanostructures are reviewed. The second-order response data both predicted and observed on pure and oxidised silicon surfaces, planar Si(001)/SiO 2 heterostructures, and the results related to the direct-current-and strain-induced effects in SHG from the silicon surfaces as well are discussed. Remarkable progress in understanding the unique capabilities of nonlinear optical second harmonic generation spectroscopy as an advanced tool for nanostructures diagnostics is demonstrated.
Introduction
In recent decades, optical techniques have been extensively used to study the size dependence of linear-, second-, and third-order optical nonlinearities of nanocrystals in relationship to the quantum confinement [1] [2] [3] [4] . A remarkable progress has been achieved in studies of the effects of surfaces and interfaces in semiconductor nanostructures, nanowires, and nanoparticles (see [5] and references therein).
If a high-intensity beam of light strikes a specimen, the latter will respond in a nonlinear manner and higher optical harmonics will be generated in addition to the linear optical response. The strongest measurable nonlinear optical response is the second harmonic generation (SHG). The generated higher harmonics are functions of the specimen atomic structure. Most materials possess odd-order nonlinear optical susceptibility components; however, the evenorder nonlinear susceptibility terms exist only in the systems having noncentrosymmetric atomic geometry [6] [7] [8] . Consequently, if the initial inversion symmetry of a reflecting system (like, e.g., bulk Si, Ge, C crystals, and/or centrosymmetric molecules, ideally shaped nanoparticles,) is for some reason broken, for example, due to crystal truncation, defects, external fields, and so forth, it results in even-order harmonics generation. Note that in central symmetric systems the SHG-active (and other even-order harmonics) areas are restricted by the symmetry reduction regions. In noncentral symmetric systems the symmetry reduced results in an appearance of initially forbidden optical susceptibility tensor components that can be experimentally detected. This extremely high sensitivity of the even-order nonlinear optical response (such as SHG) to the local symmetry makes it a very efficient tool for probing atomic and molecular processes on surfaces and interfaces. In nanostructures where the contribution of the surface-related effects to the total optical response is increasingly important with the size reduction, the unique symmetry sensitivity allows developing an efficient SHG-based nonlinear optical diagnostics probe, as demonstrated in this paper.
The development of the laser provided intense source of monochromatic and coherent light that stimulated extensive research and applications in the field of nonlinear optics [9] . Nonlinear optical microscopy has been used to study inorganic, organic, and biological materials [10] for decades. The advantages of the nonlinear microscopes include improved spatial and temporal resolution without the use of pinholes or slits for spatial filtering. In particular, for the applications in biology and medicine it has been demonstrated that 2 Physics Research International multiphoton excitation microscopy has the capacity to image deeper within highly scattering tissues such as in vivo human skin [10] .
In this work we summarize some recent experimental and theoretical works on the SHG mostly related to the silicon nanostructures. The work is organized as follows. Section 2 describes the theoretical description of nonlinear optical response. Section 3 describes recent experimental studies of direct-current-(DC-) and strain-induced effects in SHG from crystalline silicon surface. Section 4 presents the experimental and theoretical results related to semiconductor superlattices.
Optical Response
Following the description of the electromagnetic (EM) field in materials, within its penetration depth beneath the surface, the incident light field at the frequency ω(E(ω)) induces different order optical susceptibilities χ (n) [5, 11] . The linear polarization is given by [3] .
The second-order polarization is given by [3] 
Equation (1) represents linear optics. Nonlinear optical response, originating from anharmonic bond polarizabilities, governs Second Harmonic Generation and is determined through several contributions given by (2) [12] , all of them being caused by noncentrosymmetric distortion of crystalline lattice. The first term in (2) describes the secondorder optical excitation process and vanishes in centrosymmetric systems (like bulk Si) in the electric dipole approximation. The second term, which is proportional to the field gradient (∇E), is the electric quadrupole component (in magnetic materials it contains also a magnetic dipole component). External electric field (if present), E DC , breaks the central symmetry thus inducing the SHG and higher evenorder nonlinear response. For example, in bulk Si (and other cubic solids having inversion symmetry) only the two last terms in (2) contribute to the SHG resulting in a very weak signal [3] .
The nonlocal (local-field effects) and many body (exciton) contributions can cause substantial corrections to the SHG spectra [11] . Moreover, it has been demonstrated theoretically that additional subjections like direct current (DC) or mechanical strain can further decrease the symmetry of silicon thus giving rise to additional, current-induced, and strain-induced components of nonlinear polarization, that is discussed in Section 3.
Direct-Current-and Strain-Induced Second Harmonic Generation in Silicon
This section is focused on an SHG generation in centrosymmetric systems as the result of the symmetry reduction due to the external electrical and mechanical fields.
Direct-Current-Induced SHG in Si(001).
The effect of field-induced nonlinearity in centrosymmetric medium like silicon has been studied both experimentally and theoretically. Electric-and magnetic-field-induced effects in SHG are being extensively explored for the diagnostics of surfaces, interfaces, and nanostructures [13, 14] . Less studied was a phenomenon of the inversion symmetry break as the result of an external electrical direct current (DC). This effect can play an important role in SHG from the silicon surface. In this case, the current-induced distortion of the electron equilibrium distribution function in a quasi-pulse domain causes the dipole-like second-order nonlinearity that exists in the region affected by the DC. The first theoretical description of the current-induced SHG (CSHG) was presented in [15] , where the CSHG contribution to the nonlinear polarization for a direct band semiconductor was discussed. The CSHG contribution to P 2ω can be introduced in a similar manner to the electric field induced SHG and given by
where j is the current density and χ (3) DC is the dipole currentinduced optical susceptibility. In case of direct semiconductors an asymmetry of the electron quasi-pulse distribution leads to the appearance of a current-induced term in secondorder susceptibility with a sharp resonance in the vicinity of the local Fermi level, E F , for majority carriers in the conduction band. It follows from symmetry considerations that
. This shows a possibility for an experimental observation of DC-induced effects in SHG, which was first studied in [16] . Figure 1 (a) shows a schematic view of the structure used for CSHG studies. Nickel electrodes were thermally evaporated on top of p-Si(001) (ρ ∼ 10 −3 Ωcm) that was used as a substrate. The 200 ± 20 μm wide gap between Ni electrodes was oriented along y crystallographic axis as it is shown in the figure; ohmic resistance of Ni/Si contact was ≈0.02 Ω. It has been proved that the temperature of the sample during the CSHG measurements was less than 40
• C. CSHG experiments were carried out using the output of a tunable Ti: sapphire laser (wavelength range 710 ÷ 850 nm, pulse duration of 80 fs, average power of 130 mW, repetition rate of 86 MHz) as the fundamental radiation. The laser beam was focused onto the Si(001) surface between the Nielectrodes with a spot size of 40 μm in diameter. SHG radiation was filtered out by appropriate set of filters and detected by a PMT and gated electronics.
Special care has been taken to avoid the influence of the DC-induced heating and strain-induced effects on the CSHG measurements. To that end, only the s-polarization of both the pump and the SHG beams was used, because it is well known that only bulk quadrupole susceptibility contributes to the second harmonic signal in that case [18] . Eightfold symmetric anisotropic SHG dependence was observed for this polarization-related geometry configuration. The azimuthal Si(001) orientation resulted in zero SHG intensity that was chosen as a reference for the measurements, because all the SHG contributions from Si vanish for the symmetry reasons, except those caused by the CSHG [16] . In order to reveal the CSHG effect, an external SHG homodyne source (30 nm thick ITO film) was used and the odd character of the dependence χ (3)DC on ( j) was exploited. It is important to note that, under the chosen experimental geometry only transversal DC, where j (OY ), gives rise to a nonzero SHG signal while it vanishes for the longitudinal geometry, where j (OX). Thus the total detected SHG intensity from the sample and the reference depends on the current density and direction and can be described by the expression [16] 
where
exp(iφ ref ) are complex amplitudes of the current-induced (4) results in the appearance of a homodyne cross-term in the SHG intensity that changes its sign under current reversal and leads to odd in j changes in the SHG intensity.
The DC-induced SHG can be characterized by the CSHG contrast according to [16] 
where Δφ is determined by the dispersion of air at ω and 2ω, the distance between the sample and the reference and the phases φ ref and φ samp .
Figure 1(b) shows the CSHG contrast dependence on j measured for a fixed position of the reference SHG sample. The measured linear character of ρ 2ω ( j) dependence is in agreement with (5) and proves that the odd DC-induced SHG is observed. Moreover, the obtained results also prove that the heating has a negligible effect, as otherwise it should bring the even in j contribution to the SHG.
The only SHG source which can disguise the CSHG effect under the chosen experimental conditions was the electricfield-induced SHG (EFISH). It cannot be avoided by a certain choice of the experimental geometry because the symmetries of CSHG and EFISH are the same. Nevertheless there are at least two pieces of evidence that prove that ρ 2ω ( j) dependence reflected the DC influence on nonlinear-optical signal from Si [16] .
First, the CSHG intensity spectrum was compared with the EFISH that was measured on p-Si(001) [17] (Figure 2 ). One can see that EFISH spectrum shows a maximum at 2Dω ≈ 3.34 eV that is close to the E 1 resonance in silicon. At the same time, the CSHG contrast does not have resonant features in this spectral region that proves that observed CSHG effect was neither induced by the quadrupole nonlinearity nor by EFISH. In contrast, the increase 4 Physics Research International of the CSHG data at 2Dω ≈ 3.5 eV is in a qualitative agreement with the theoretical predictions [15] .
Theoretical study of the EFISH DC-induced effect in SHG from Si(001) under external electric fields gave a value of the CSHG contrast at least two orders of magnitude lower than observed experimentally. The comparison of the CSHG intensity to that measured in Si(001) and to the SHG intensity observed in crystalline quartz with well-known values of the second-order susceptibility allowed the estimation of the maximum value of DC-induced susceptibility in silicon to be
Strain-Induced SHG in Si(001).
Recently the straininduced SHG in silicon surface has been observed by several groups [19] [20] [21] [22] . The physical mechanism of strain-induced nonlinearity is determined by the breaking of the intrinsic inversion symmetry of Si under mechanical deformation and consequently by a modification of the electronic spectrum.
Most of the efforts were concentrated on the studies of internal strain that may exist at Si/SiO 2 interfaces; however the modification of the SHG intensity as a function of the external biaxial strain was reported in [22] . The measurements were performed using the experimental laser setup described in the previous section. As a target, the n-doped (4.5 Ωcm) 0.5 mm thick Si(100) plate was used. The strain was applied by pressing the back side of the Si plate by a metallic sphere fixed at the end of a micrometric stage while a movable base supplies the formation of strain in the Si wafer as is shown; in Figure 3 (a). The optically probed depth of Si subsurface layer was about 30 to 50 nm and the deformation was considered to be uniform. This means that the crystalline symmetry of Si(001) can be considered to be undistorted; therefore the strain-induced SHG modification caused by the symmetry changes can be neglected.
The biaxial strain of the subsurface layer corresponds to the spherical deformation geometry as shown in Figure 3 (b) [22] . Figure 3 (c) shows modification of SHG spectrum from silicon under biaxial strain observed at the conditions close to the mechanical break threshold (open circles) compared to the free plate SH spectrum (solid circles) [22] . The deformation of the Si wafer was about 100 μm that corresponded to the mechanical stress of 350 MPa. P-polarizations of the fundamental and SHG waves were chosen in such a way that this combination of polarizations corresponded to the maximal strain-induced effect in SHG. It can be seen that both spectra have maxima with the energy locations corresponding to the SHG photon energy of 2Dω ≈ 3.3 eV that is close to the energy of the direct electron transitions near E 1 and E 0 critical points of the Si band structure. Slight variations of the SHG line shape as well as of the SHG intensity were also observed [22] .
To characterise qualitatively the strain-induced modulation of the SHG intensity the strain-induced SHG (SSHG) contrast can be described as
where I 2ω (0) and I 2ω (σ) are the SHG intensities measured for zero and nonzero value of the strain, σ. Figure 4 shows agreement with the possible theoretical description of straininduced SHG [22] :
where E 2ω (σ) ∝ p i jklm σ lm , p i jklm is the piezo-optical tensor. It can be seen that SSHG curves change their slope sign as the fundamental wavelength is tuned through the E 1 /E 0 Si critical point of combined density of states at 3.33 eV. The results demonstrate a strong strain-induced effect in SHG from the silicon surface. The possible mechanisms of the observed effects can be the strain-induced shifts of the conduction and valence bands, similarly to the linear case [24] , or by modification of the charge distribution in the crystal and in dioxide charge traps. The latter mechanism corresponds to the EFISH at the Si/SiO 2 interface; the corresponding static electric field is perpendicular to the silicon surface that can produce an isotropic SHG. At the same time it was proved that the application of a uniaxial strain along the orthogonal in-plane direction OX and OY resulted in different modifications of the reflected SHG. This supports the conclusion of the possibility to detect the strain-induced nonlinearities induced by mechanical distortions of the silicon structure that really was observed experimentally [22] .
Second Harmonic Generation from Semiconductor Surfaces and Nanostructures
Increasing amount of high-quality research on nonlinear optical properties of nanocrystals within the past decade is caused by extensive developments of nanotechnology, nanophotonics, and nanoelectronics [5] presenting with unique possibilities for SHG optical metrology and analysis of the nanocrystals. Numerous results obtained within past decades clearly demonstrate how important are the contributions of surface optical excitations to the overall nonlinear response of nanostructures. This section is focused on the SHG from surfaces and interfaces in nanostructures.
As stated before SHG is extremely sensitive to the surfaces in cubic materials [25] [26] [27] . One of the reasons for that is the evidence that in centrosymmetric crystals the SHG response is forbidden by symmetry in bulk but allowed on the surface where the local symmetry is lower [25] .
One can clearly see in Figure 5 that plotted charge redistribution causing induced bond asymmetries (thus allowing SHG by reduction of inversion symmetry) involves only few atomic monolayers near the surface. This demonstrates extreme locality of the SHG response that makes it very promising for the diagnostics of nanostructures.
Physics Research International
Demonstrated strong localization of nonlinear optical response is very important in view of the progress in the developments of the nanoparticles combined from crystalline materials (core) and organic molecules. Several studies of such systems indicated dominant contributions of optical excitations in the interfaces regions [5] .
A recent surge in the number of Si-SiO 2 system studies within the past few years has been caused by extensive developments of nanostructured electronics which requires a fundamental understanding of the processes at the atomic monolayer scale. Understanding of the oxygen-related processes on Si-SiO 2 interface is very important for both fundamental and applied physics as well as for the high-tech electronics.
For contactless optical characterization of the interface at nanometer scale the nontraditional methods of optical spectroscopy are used: linear optical reflectance differential spectroscopy (RDS), see [28] [29] [30] [31] and references therein, and/or nonlinear optical spectroscopy of second harmonic generation. Development of the next generation of optical metrology will require the detailed interpretation of optical spectra based on microscopic modelling and simulations. The first principle calculations of SHG [3, 32] of silicon-based interfaces allowed substantial progress in our understanding of the physics and chemistry of the systems. However such works are still rare (in particular those related to the SHG) because they normally require extensive large scale computations [3, 32] .
Atomic structure of the intermediate Si and SiO 2 layer is extensively debating in the literature [33, 34] . Monte Carlo simulations [33] and first principle modelling based on density functional theory (DFT) and total energy minimization method [34] confirmed ordered Si-O-Si bridge structure as a basic unit of the intermediate SiO 2 layer. On the other hand the Rutherford ion scattering data measured on the Si-SiO 2 interface and interpreted using the ab initio DFT study with modified interatomic potential [35] suggested substantial contribution of disordered interface structure. It should be noted that optical spectra are very sensitive to the structural disorder, which smears out well-pronounced atomic orderrelated features. The SHG spectra measured on the systems containing single [36] or multiple Si(001)-SiO 2 interfaces (multiple Si-SiO 2 quantum wells, [37] ) showed appearance of new SHG feature in the spectral region near 2.7 eV [37] and 3.8 eV [36, 37] that could not be interpreted in terms of the perturbations of the Si bulk-like direct electron gaps.
Realistic modelling of optical functions of solid surfaces and interfaces still remains challenging for the first principle theories [3, 30, 31] . Description of excited states which could be in good agreement with experiment normally requires inclusion of local field, many-body (excitonic) effects, and probably other nonlocal contributions (in particular for SHG) [38, 39] . This makes theory much more complicated than frequently used independent particles approach (or Random Phase Approximation, RPA). The nonlinear SHG response from the surfaces and interfaces is more challenging for the ab initio theory even within the RPA method because of the more complicated unit cell. Consequently first principles studies of the SHG from solid surfaces are still rare (see [3, 32, 39] and references therein).
In [26] the first principle computational analysis of nonlinear SHG optical spectra of Si-SiO 2 interface has been performed. Results of the work demonstrated the possibility of unambiguously identifying well-pronounced spectral features in SHG optical spectra of the Si-SiO 2 interface with local atomic oxygen-related configurations. Equilibrium atomic structures of Si(001)-SiO 2 interface are obtained from the total energy minimization method within DFT using ab initio norm-conserving [40, 41] and ultrasoft (VASP, [42] ) pseudopotentials (PPs).
Calculated self-consistent eigenenergies and eigenfunctions are used as inputs for optical calculations. Within its penetration depth beneath the surface, the incident light field at frequency ω(E(ω)) induces different order optical susceptibilities χ (n) that determine linear-(1) and secondorder (2) polarization.
The (2 × 2) unit cell has been used to model the clean Si(001) surface. It has been demonstrated before that this model realistically reproduces most significant features of electronic structure and RDS spectra of bare Si(001) surface [3, 31, 44] . Initial oxidation stage of the Si (001) is characterized mainly by two local atomic configurations including oxygen atom: oxygen dimer bridge and oxidized backbonds configurations (see Figure 6 [28-31, 44, 45] and references therein). Fully relaxed atomic structure of hydrogenated Si(001)(2 × 2) surface with one local oxygen dimer bridge configuration per cell is shown in Figure 7 (a).
Calculated value of the dimer length of 3.13Å on hydrogenated surface is slightly bigger then the value of 3.06Å obtained by [31] on Si(001)(2 × 2) surface without hydrogen. Equilibrium geometry of bridge oxygen located in a broken backbond of monohydride Si(001) surface is shown in Figure 7(b) .
The length of the oxidized backbond on hydrogenated surface, 2.93Å, is higher than the value of 2.61Å obtained on a bare surface. The last data agree well with those reported earlier in the literature: 2.53Å [31] , 2.60Å [45] .
The calculated tridymite atomic configuration of SiO 2 is used as a basic structural model for initial oxide layer in Si(001) surface. The fully relaxed atomic geometry of the Si(001)-SiO 2 interface is shown in Figure 8 . Atomic structure presented in Figure 8 corresponds to the reported earlier atomic configuration for the tridymite [34, 46] .
It has been demonstrated [30, 43, [47] [48] [49] that SHG is a unique method to study centrosymmetric solid surfaces: the SHG response is forbidden in bulk, and the SHG signal is generated within only a few surface monolayers. Because of that one can expect stronger contribution of oxygen-related process in Si(001)-SiO 2 interface to the SHG spectra than in linear optics.
The calculated SHG efficiency spectra are now compared with available experimental data. The SHG spectra measured on Si(001) surface with native oxide [48] and on Si(001)-SiO 2 with potassium-and NaCl-covered oxides (in order to study electric field effect in the space charge region) [34] indicate strong dependence of the signal on the surface electric field and appearance of a new optical structure in the region 3.6 to 3.8 eV. Electric-field-induced SHG (EFISH) offers incredible possibilities for new generation of optical metrology of the interfaces because of the high sensitivity of the SHG signal to the surface electric field [35, 46] . From a theoretical prospective, however, the microscopic theory of EFISH is nonlocal, and it is still challenging to model for the first principle theory [30, 44] . EFISH was beyond the scope of the study by [26] .
Here we are focused on the effect of the chemical nature of electronic bond contributions on Si(001)-SiO 2 interface to the SHG. Figure 9 presents the calculated SHG spectra of Si(001)-SiO 2 interface shown in Figure 8 .
As expected the nonzero SHG response is predicted only in the spectral region corresponding to optical twophoton excitations of the near-surface located disturbed Si electron orbitals. Due to the high value of Si-O bond energy corresponding contributions are located in far ultraviolet region. The SHG response from the Si-SiO 2 interface located mostly in visible and near-UV regions is attributed to the distorted host atomic bonds [25, 30, 43] . From the data presented in Figure 9 one can immediately extract features related to the oxygen. Removal of the bridge oxygen results in dramatic reductions of the SHG features near 2.7, 3.3, 3.8 to 4.0, and 5.1 eV. Comparison between relaxed and unrelaxed structure calculations of the SHG efficiency (upper and lower panel in Figure 9 , resp.) shows a more pronounced effect of mechanical stress in SHG than in RDS spectra (see Figure 9) . The SHG features near 3.3 and 5.1 eV are close to the bulk electron transitions E 1 and E 1 .
Note that the theory with the QP correction predicted critical point energies in Si slab at E 1 = 3.4 eV, E 2 = 4.15 eV, and E 1 = 5.0 eV. The peaks near 3.3 and 5.1 eV apparently relate to the bulk-like electron excitations. According to [26] the SHG response near 5.1 eV exhibits strongest sensitivity to oxygen. This spectral region however is still unavailable for experimental study. The SHG peak near 1.8 eV is of the surface nature related to the Si dimer bond. This peak is strongly affected by oxygen and local stress (see Figure 9 ). One can expect that it will also be sensitive to the size of nanoparticles since the smaller the particle, the higher the curvature of the interface and the more stress that is introduced at the Si/SiO 2 interface [50, 51] . Contribution of oxygen in this region is clearly shown in RDS spectra in this spectral region however effect Figure 10 : The calculated second harmonic generation efficiency spectra of the relaxed Si(001)-SiO 2 geometry given in Figure 8 are shown in comparison to experimental data. In (a) the calcualted spectrum (dashed) is compared to data (symbols) measured by Avramenko et al. in [37] . (b) compares the theoretical spectrum (dashed) to experimental data (symbols) measured by Rumpel et al. in [36] (adapted from [26] ).
of the stress relaxation is much less important in RDS than in SHG. The SHG peaks located near 2.7 eV and 3.8 eV are new and they are not predicted on the Si surfaces without oxygen. According to the analysis of PDOS spectra these peaks are directly related to the Si backbonds of the dimer atoms hybridized to the bridge oxygen 2p-electrons. Peak near 4.0 eV is close to the E 2 transition and it is strongly affected by the new feature near 3.8 eV. Comparison between SHG efficiency predicted for relaxed and unrelaxed tridymite structure after removal of bridge oxygen (upper and lower panels in Figure 8 , resp.) demonstrates that effects of local stresses and bond rehybridization are equally important in SHG which is in contrast to the linear optical RDS response [28] .
The predicted SHG efficiency spectrum of oxidized Si(001) surface is compared next with available experimental data [35, 36, 48] .
In Figure 10 a comparative analysis of the SHG spectra measured on two different systems is presented: the Si(001) surface oxidized [36] or with natural oxide [49] and Si-SiO 2 multiple quantum well structure [37] . In order to compare the shape of the predicted and measured SHG spectra the amplitudes of experimental data were scaled to meet the theoretical values at 4.2 eV (lower panel) and at 2.7 eV (upper panel).
The experimental SHG spectrum shown in the upper panel in Figure 9 was measured by [36] on Si(001) sample with 10 nm oxide layer grown by thermal oxidation at 1000
• C. The dominant SHG peak at 4.3 eV was attributed to the E 2 bulk transitions [36] . Note that the theoretical bulk Physics Research International 9 value of E 2 = 4.15 eV underestimates experimental one by about 0.1 eV. The results shown in Figure 10 indicate the appearance of a new SHG response in the region of 3.6 to 4.0 eV and a strong enhancement of the E 2 peak. Comparison with the SHG data presented in Figure 9 indicates that this is caused by the combined effect of the oxygen-related rehybridization of Si backbonds and structural reconfiguration. The strong enhancement of both measured and predicted SHG efficiencies caused by boron doping of the Si(001) surface (which was obtained on the relaxed system) was reported earlier [46] . In both cases by neglect of the electric field effect, the physical nature of the predicted strong enhancement of the SHG efficiency is impurity related to the rehybridization and structural reconfiguration of the Si backbonds.
New predicted SHG response near 3.6 to 4.0 eV is also accompanied by dramatic increase of the calculated SHG efficiency at 2.7 eV due to the dimer bridge oxygen (see Figures 9  and 10 ). This part of the predicted SHG spectra agrees well with another type of experimental results by [37] where a strong SHG signal in the region near 2.7 eV on Si(001)-SiO 2 multiple quantum wells (MQWs) was measured. The four MQW systems studied by [37] were fabricated from Si-layers of the thicknesses equal to 1.0, 0.75, 0.5, and 0.25 nm separated by SiO 2 films of fixed 1.1 nm thicknesses. The number of Si-SiO 2 MQW bilayers varied from 30 to 70 in order to provide nearly the same thickness of the whole film stuck [37] .
In MQW system the quantum size effect is an additional factor affecting the SHG. However in the presence of multiple Si(001)-SiO 2 boundaries the effect of the interface oxygen should be substantially enhanced. In the absence of microscopic theory the 2.7 eV SHG signal measured in Si(001)-SiO 2 MQW was interpreted by [37] as a result of electron transitions from the bound quantum electron states in QW. In addition to the quantum size effect, the chemical nature of the last SHG feature was also suggested by [37] as an alternative interpretation of their data. The results of the present work suggest that the origin of the feature measured by [37] and the predicted SHG responses near 2.7 eV is a dominant contribution of the rehybridized and reconstructed Si backbonds due to creation of the dimer bridge oxygen structure on Si(001)-SiO 2 interface. Additional argument towards the current interpretation of the 2.7 eV signal is that this response should be accompanied by the SHG features near 3.8 eV as discussed above (see Figure 9 ). Experimental data of [37] confirm this rule: in addition to the 2.7 eV SHG peak, the authors reported strong SHG response around 3.8 to 4.0 eV which is discussed above.
Analysis of the atom-and orbital-resolved projected electron density of states (PDOSs) calculated in [26] clearly indicate a strong effect of the bridge oxygen which results in additional contribution (hybridization) of oxygen p-orbitals and silicon backbond orbitals. The 2p-orbitals of bridge oxygen contribute to the top of the valence band. Modifications of the c-band are less pronounced. The rehybridization of the host valence electron orbitals caused by both 2p-orbitals of oxygen and by structural distortions seems to be responsible for the measured and predicted optical anisotropy of this system. The dominating effect in optical anisotropy of Si(001) due to the distorted backbonds and additional hybridization to oxygen has been shown by [30] .
Conclusions
This paper reviews a progress in understanding the second harmonic generation spectroscopy for diagnostics of semiconductor surfaces and nanostructures. The unique capabilities of the SHG metrology is caused by its extreme sensitivity to the symmetry of the optically excited systems. Another property of the SHG is related to the substantial contributions of the nonlocal processes caused by electric, mechanical and magnetic fields.
It should be noted that effects of external fields (like electric field, direct current induced SHG, Electric-FieldInduced SHG) and eventually many-body (excitonic) and local field effects [5, 11] should be incorporated by interpretation of the SHG in order to achieve more detailed quantitative description of the signal shape which should be considered as a future activity road map in the field. For future experimental and theoretical studies it is important to explore the unique sensitivity of SHG to symmetry and external fields that should make the SHG metrology an advanced diagnostics tool for nanostructures.
